Vibrio metoecus is a recently described and little studied causative agent of opportunistic 25 infections in humans, often coexisting with V. cholerae in aquatic environments. However, the 26 relative abundance of V. metoecus with V. cholerae and their population dynamics in aquatic 27 reservoirs is still unknown. We developed a multiplex qPCR assay with a limit of detection of 28 three copies per reaction to simultaneously quantify total V. metoecus and V. cholerae 29 abundance, as well as the toxigenic and O1 serogroup subpopulations of V. cholerae from 30 environmental samples. Four different genes were targeted as specific markers for individual 31 Vibrio species or subpopulations; viuB, a gene encoding a vibriobactin utilization protein, was 32 used to quantify the total V. cholerae population. The cholera toxin gene ctxA provided an 33 estimation of toxigenic V. cholerae abundance, while the rfbO1 gene specifically detected and 34 quantified V. cholerae belonging to the O1 serogroup, which includes almost all lineages of the 35 species responsible for the majority of past and ongoing cholera pandemics. To measure V. 36 metoecus abundance, the gene mcp, encoding methyl accepting chemotaxis protein, was used. 37 Marker specificity was confirmed by testing several isolates of V. cholerae and V. metoecus 38 alongside negative controls of isolates within and outside of the Vibrio genus. Analysis of 39 environmental water samples collected from four different geographic locations including 40 cholera-endemic (Dhaka, Kuakata and Mathbaria in Bangladesh) and non-endemic (Oyster Pond 41 in Falmouth, Massachusetts, USA) regions showed that V. metoecus was only present in the 42 USA site, recurring seasonally. Within the coastal USA site, the non-toxigenic O1 serogroup 43 represented up to ~18% of the total V. cholerae population. V. cholerae toxigenic O1 serogroup 44 was absent or present in low abundance in coastal Bangladesh (Kuakata and Mathbaria) but 45 constituted a relatively high proportion of the total V. cholerae population sustained throughout 48 fraction sampled, composed of particles or organisms >63 μ m and their attached bacteria. This is 49
the year in inland Bangladesh (Dhaka). A preference for host/particle attachment was observed, as the majority of cells from both Vibrio species (>90%) were identified in the largest water size INTRODUCTION qualitative, and none have been field-tested to comprehensively survey its abundance in natural 115 environments (Gubala, 2006; Neogi et al., 2010) . Another molecular tool, real-time quantitative 116 PCR (qPCR), has been used to measure both the presence and abundance of target species 117 (Abdullah et al., 2018; Haugland et al., 2005) . This technique can estimate the presence of as few 118 as three bacterial genome equivalents in a sample and provides the high throughput required to 119 investigate the ecological distribution of the organism (Kralik and Ricchi, 2017) . Several gene 120 markers have been developed for the detection of the V. cholerae species by qPCR, including the 121 ompW gene encoding the outer membrane protein (Bliem et al., 2015) , the hlyA gene encoding 122 for hemolysin (Bliem et al., 2015; Lyon, 2001) and gbpA gene encoding the N-acetyl 123 glucosamine-binding protein A (Vezzulli et al., 2015) , and the rtx gene cluster encoding the 124 repeats in toxin protein (Lin et al., 1999) . During the assessment of different primers used in 125 previous studies, it was found that the commonly used primers designed for ompW also 126 amplified that gene from V. metoecus (in this study) and Vibrio mimicus (Gubala and Proll, 127 2006 ). Copy number is also a confounding factor, as rtx (Lin et al., 1999) , hlyA and ctxA can be 128 present in multiple copies in V. cholerae genomes (Ghosh et al., 2011; Heidelberg et al., 2000) . 129 cholera toxin (CT) gene ctxA have been made; while the reference El Tor strain N16961 carries a 138 single copy of this gene, other V. cholerae strains carry several copies of this element and it is 139 also occasionally found in other Vibrio species (Dalsgaard et al., 2001; Faruque et al., 1997; 140 Heidelberg et al., 2000; Mekalanos et al., 1983) . The rfbO1 gene, targeting V. cholerae strains 141 carrying the O1 antigens has also been used to detect pandemic V. cholerae (Hoshino et al., 142 1998; Yamasaki et al., 1996) . Although it is a single copy gene, many strains unrelated to this 143 lineage can also carry this gene (Pang et al., 2007) . 144
To overcome the limitations of currently used molecular markers, we developed a 145 multiplex qPCR assay for simultaneous detection and quantification of V. cholerae O1 (rfbO1), 146 toxigenic V. cholerae (ctxA), total V. cholerae (viuB) and V. metoecus (mcp). This optimized 147
qPCR technique allows the quantitative study of V. cholerae populations directly from DNA 148 extracted from aquatic biomass, without the need for cultivation. This overcomes the problem 149 that many V. cholerae cells in water are viable but not culturable (VBNC) (Colwell et al., 1985) , 150 which has so far made it difficult to the study this organism in the environment difficult. 151
Quantifying the presence of ctxA and rfbO1 simultaneously resolves drawbacks specific to the 152 separate use of these two gene markers. Overestimation of the number of toxigenic cells because 153 of the presence of multiple copies of ctxA in single cells is detected as discrepancies with rfbO1 154 abundance. Likewise, overestimation of toxigenic O1 cells due to the presence of non-toxigenic 155 O1 strains is identified through discrepancies with ctxA counts. 156 Furthermore, by measuring the relative abundance of toxigenic and O1 serogroup strains limit (three copies per reaction) and higher specificity than comparable assays. Besides being the 161 first assay to allow molecular quantification of V. metoecus, it is also the first one to have been 162 extensively tested environmental samples for V. cholerae, by measuring the absolute abundance 163 of the species and its O1 serogroup and toxigenic subpopulations in areas endemic for cholera 164 and where the bacterium is undetectable by culture-based techniques over the course of several 165 months. 166
167

MATERIALS AND METHODS 168
Bacterial cultures and DNA template preparation. Different isolates of Vibrio spp that were 169 used to validate primer specificity and assay sensitivity in this study are listed in TABLE 1 and 170 pump. All disposable equipment was sterile, and all filter casing and tubing was sterilized before 197 sampling. DNA extraction from the filters using a QIAGEN DNeasy Blood and Tissue Kit was performed as follows: 0.25 g of sterile zirconium beads were added to cut-up filter pieces in a 1.5 199 ml screw cap tube with 360 μ l Cell Lysis Buffer ATL, and bead beating performed for 30 sec at 200 maximum speed. Proteinase K (40 μ l) was added, and the tubes were vortexed for several 201 seconds. Further steps followed the instructions of the manufacturer. Environmental strains of V. 202 cholerae and V. metoecus were isolated from the August and September 2009 filters, as 203 previously described (Kirchberger et al., 2016) . into gene families based on 30% amino acid identity (Rost, 1999) , resulting in sets of genes 235 found exclusively in V. cholerae or V. metoecus and not shared with other species, respectively. 236
After removal of multi-copy genes, remaining genes were aligned using CLUSTALW 2.0 237 (Larkin et al., 2007) and manually inspected for sites appropriate for the design of qPCR probes.
Optimal sites for non-degenerate primer/probe design were found in the viuB gene encoding the 239 vibriobactin utilization protein B (NP_23184.1) for V. cholerae (Butterton and Calderwood, 240 1994; Wyckoff et al., 2007) . Primers (forward and reverse) and probe (TABLE 2) For estimation of toxigenic V. cholerae abundance, 106 bp of the ctxA gene (TABLE 2)  255 was targeted, as part of the genetic element encoding the major virulence factor cholera toxin and 256 thus one of the signature genes for toxigenic potential in V. cholerae . In 257 the case of the V. cholerae O1 serogroup, the target was a 113 bp product of the rfbO1 gene 258 (TABLE 2) as it detects explicitly V. cholerae belonging to the O1 serogroup, which includes the 259 vast majority of strains responsible for past and ongoing cholera pandemics. Primers and probes 260 for both of these genes were designed in this study to ensure compatibility of the assay. 
TABLE 2. Target genes and sequences of primers and probes used in this study
Generation of standard curves and calculation of qPCR efficiency. Standard curves were 279
prepared by amplifying gene sequences from corresponding reference strains for each target. For 280 the preparation of standard curves, the viuB, ctxA and rfbO1 genes of the pandemic V. cholerae 281
El Tor O1 N16961 reference strain were used for total V. cholerae count, toxigenic V. cholerae 282 and V. cholerae O1, respectively. To make the standard curve for the V. metoecus specific gene 283 (mcp), the V. metoecus RC341 was used. Both strains were grown on LB agar (BD Difco, USA) 284 with 0.5% NaCl at 30 °C for overnight and DNA extraction was done by DNeasy Blood and 285
Tissue Kit (QIAGEN). Specific forward and reverse primers targeting each gene of interest were 286 used for PCR amplification (TABLE 2) . A standard PCR protocol was followed for this Assay Kit (Molecular Probes) and the Synergy H1 microplate reader (BioTek). 295
Calculations mentioned in the Applied Biosystems Guideline (Applied Biosystems) for 296 creating qPCR standard curves were used for determining the mass of amplified gene templates 297 that correspond to copy numbers of target nucleic acid sequences. A series of standards were 298 prepared in which a gene of interest is present at 3×10 5 copies, 3×10 4 copies, 3×10 3 copies, 299 This assay was more specific than any previously published, with no cross-amplification 347 between V. cholerae and other bacteria, including its closest relative, V. metoecus. The efficiency 348 of each assay was 95% to 100% (R 2 value 0.99 and slope -3.3 ± 0.07) (FIG 2) . 349
The viuB and mcp markers are specific to V. cholerae and V. metoecus and present in 350 single copies, facilitating quantification of the absolute abundance of these two species. 351
Additionally, the ctxA and rfbO1 markers are specific for detection of toxigenic and O1 352 serogroup strains, respectively. Previous qPCR studies often took advantage of these two genes 353 but did not combine them, resulting in missed information required to correlate toxigenic V. 354 cholerae and strains representing the PG lineage (Blackstone et al., 2007; Bliem et al., 2015) . 355
Although the region selected for ctxA gene amplification to indicate the presence of toxigenic V. 356 cholerae is specific to this particular species (Goel et al., 2007) , the presence of ctxAB has been 357 reported in CTXφ phages present in aquatic environment, which can be the source of ctxA 358 positive results (Faruque et al., 1998) . Multiple copies of ctxA can also be present in certain V. 359 cholerae genomes, biasing quantification results (Faruque et al., 1994; Mekalanos, 1983 ). The 360 simultaneous amplification of the single copy rfbO1 specific for V. cholerae O1 strains 361
compensates for these flaws, as the vast majority of cholera cases are caused by CTX positive strains of the O1 serogroup, and the co-occurrence of these two markers at similar levels allows 363 accurate quantification of toxigenic O1 strains. 364
There are many rapid assays already being used to detect certain serotypes of V. cholerae, 365 but most of them are confined to qualitative detection and do not provide any data on the they detect no more than two marker genes, or lack specificity (Gubala, 2006) . For example, a 370 real-time PCR assay using four different genetic markers i.e. rtxA, epsM, ompW and tcpA to 371 detect V. cholerae also detected V. mimicus non-specifically by amplification of ompW (Gubala, 372 2006 It is important for any environmental application to determine the sample limit of 382 detection. This value represents the lowest quantity of the target DNA that can be reliably 383 detected and quantified in a certain volume of sample at a probability level of 95% (Bustin et al., copies per reaction (FIG 2) , with 1.5×10 6 copies/L of water as the lowest detectable number 386 without filtration, which is comparable to previous studies (Fykse et al., 2007) . Concentrating 387 samples by filtration of large volumes of water (0.05 L to 10 L, based on sampling at four sites in 388 this study) made it possible to lower the detection limit to 9.0×10 2 copies/L for Oyster Pond 389 (USA) samples after filtering 566 ml of water (FIG 3 and FIG 4B) . After filtration, lowest 390 detection limit of 3.0×10 3 copies/L (from 10 L of water) (FIG 5 and FIG 6A) to quantify total V. cholerae; ctxA and rfbO1 were used to measure toxigenic V. cholerae and V. 415 cholerae O1, respectively; the abundance of V. metoecus was estimated using the mcp gene. Sampling Date Gene copies/L water four genes were tested for each sample and the absence of a bar in the graph denotes that the 417 target gene was absent or present below the detection limit of the assay. Each qPCR reaction was 418 run in triplicate. Mean values are shown with error bars indicating the standard deviation 419 between three technical replicates. ctxA could not be detected at any time sampled at this site. 420 To compare the qPCR assay to culture-dependent methods of detection, it was applied to 435 samples from which V. cholerae and V. metoecus had been isolated by cultivation and samples 436 from which no organisms had been isolated (TABLE 3) September) in both years, at abundances of approximately 5.6×10 4 to 1.0×10 5 copies/L (FIG 3) . 443 V. cholerae, on the other hand, was consistently more abundant than V. metoecus and present 444 throughout the summer. Using a culture-based approach, it has been suggested that V. cholerae is 445 ten times more abundant than V. metoecus at that particular location (Kirchberger et al., 2016) . 446
Based on the qPCR approach used here, V. cholerae was approximately three times more 447 abundant than V. metoecus, suggesting that the former is more readily culturable than the latter 448 (FIG 3) . Moreover, V. metoecus was neither isolated by conventional culture method nor 449 detected by qPCR in Bangladesh, suggesting a different geographical distribution than V. 3) . Interestingly, in water samples that were fractionated by size (2009), rfbO1 was detected only 471 in the largest size fraction (>63 μ m) (FIG 4) . (TABLE 3) . V. cholerae enters into VBNC form due to environmental stress condition, where 475 cells remain alive but cannot be revived using standard cultivation methods (Colwell, 2000) . 476
During inter-epidemic periods, toxigenic V. cholerae are believed to be maintained in low 477 numbers, attaching to particles in a state of VBNC (Sultana et al., 2018) . 478
The inability to isolate V. cholerae O1 in most of the samples indicates that culture-based 479 methods could lead to an underestimation of the occurrence of V. cholerae O1 in environmental 480 reservoirs due to their low abundance or VBNC state (Bliem et al., 2015) . The inability to isolate 481 V. cholerae O1 strains in 2009 samples collected from Oyster pond together with their detection 482 at a relatively high abundance (TABLE 3 and freshwater. In Bangladesh, data on the incidence of cholera show that the disease occurs year 498 round in the Ganges delta region of Bangladesh with seasonal peaks typically before (March to 499 May) and after (September to December) monsoon (Alam et al., 2006; Faruque et al., 2005b) . 500
However, using culture-based methods, direct isolation of toxigenic V. cholerae O1 was not 501 readily possible even during the peak season in aquatic reservoirs unless further enrichment in an 502 alkaline peptone water medium (Huq et al., 1990) . To determine if culture-based monitoring is 503 misleading, bi-weekly sampling was done over six consecutive months in the Rampura area of 504 (FIG 7) . The ctxA gene used to track toxigenic V. cholerae was found at 3.6×10 4 copies/L 527 to 3.2×10 5 copies/L and the rfbO1 gene used to track V. cholerae O1 was detected at similar 528 levels, ranging from 1.5×10 4 copies/L to 2.9×10 5 copies/L, corresponding to 50-60% of the total 529 V. cholerae population (FIG 7) . There was consistent occurrence of V. cholerae and its toxigenic 530 and serogroup O1 subpopulations at similar abundances throughout the six months of sampling, 531 cholerae non-O1 was isolated from each of these six months (TABLE 3) . 535
Unexpectedly, analysis of water samples from the Rampura area (Dhaka, Bangladesh) 536 (FIG 1) revealed persistent toxigenic V. cholerae O1 at a low abundance (1.3×10 5 to 4.0×10 5 537 copies/L), but a high proportion of the total V. cholerae population (up to 84%) (FIG 7) . The 538 infectious dose of V. cholerae in humans being in the order of 10 3 to 10 8 bacterial cells (Schmid-539
Hempel and Frank, 2007); the water in this region is a permanent reservoir of toxigenic V. 540 cholerae that can readily cause potential outbreaks when ingested with contaminated water or 541 food. Water bodies around Dhaka city are surrounded by a dense population which extensively 542 interact with them, potentially resulting in the circulation of pathogenic V. cholerae in that 543 particular environment, even outside of periods in which cholera cases are frequent. Usually, this 544 megacity experiences two seasonal outbreaks of cholera before the monsoon in March to May 545 and just after the monsoon in September to November (Alam et al., 2011) . In this study we also 546 observed higher counts of toxigenic V. cholerae in early October (2.9×10 5 copies/L) and higher 547 counts of total V. cholerae (> 4.0×10 5 copies/L) in March but we missed the time period during 548 April/May as the samples analyzed here were taken from October 2015 to March 2016. Another 549 interesting observation at the Dhaka site was that the number of ctxA gene copies detected was 550 always slightly higher than rfbO1 (~20%). It is known from previous research that El Tor strain 551 5 and FIG 6) , whereas in a previous study, detection of toxigenic V. 571 cholerae O1 by DFA (direct fluorescent antibody) in water samples collected bi-weekly from 572
March to December 2004 from six ponds in Mathbaria fluctuated from < 10 to 3.4×10 7 CFU/L 573 (Alam et al., 2006) . It is noteworthy that during the period of this latter study, cholera cases 574 recorded in Mathbaria were due to V. cholerae O1. Moreover, in the same study, no strains 575 belonging to the O1 serogroup were found among the six hundred strains isolated from coastal 576 areas in Bangladesh, confirming our observations in an area (Oyster pond, MA, USA) non-577 endemic for cholera that V. cholerae O1 is challenging to isolate (TABLE 3) . The constant 578 presence of V. cholerae O1 in Dhaka as opposed to a more stochastic appearance in coastal 579 locations suggests that the level of human interaction with water bodies influences its population 580 dynamic. 581 582 Higher abundance of V. cholerae and V. metoecus in larger size fractions indicates 583 preference for particle association. Amongst the samples collected from endemic (Bangladesh) 584 and non-endemic (Oyster Pond, USA) regions, overall counts of V. cholerae ranged from 1×10 4 585 copies/L to 1×10 6 copies/L for each sample (FIG 3, FIG 5 and FIG 7) . In Oyster pond, most of V. 586 cholerae (~93%), including ~18% of the O1 serogroup V. cholerae, were detected in the largest 587 fraction size (>63 μ m). Similarly, the majority of V. cholerae cells from coastal areas of 588 Bangladesh (~62%) were detected in the largest fraction size (> 63 μ m) (FIG 5 and FIG 6) . The 589 toxigenic V. cholerae ctxA marker gene and O1 serogroup strains rfbO1 gene were found only in 590 the >63 μ m size fraction and in very low concentrations in Kuakata (3.4×10 3 and 2.9×10 3 This skewed distribution of V. cholerae toward the largest fraction size (FIG 4 and FIG 6)  593 suggests that most cells are associated with large particles, zooplankton, or phytoplankton hosts are specific for detection of toxigenic and O1 serogroup strains, allowing determination of the 606 proportion of the total V. cholerae population represented by these strains. This is also a 607 fundamental study on quantification of V. cholerae on a significant scale in a cholera-endemic 608 area. Although cholera has two seasonal peaks in this region, we showed that toxigenic V. 609 cholerae O1 was persistent in the inland water reservoir at levels that pose a risk to human 610 health. V. metoecus was not detected in this area, indicating a different geographical distribution 611 than that of its closest relative. The sporadic presence of V. cholerae O1 at a substantial 612 proportion of the local V. cholerae total population in a region not endemic for cholera also 613 highlights the wide distribution of this lineage displaying potential for the emergence of novel 614 virulent variants.
